We present a novel mechanism of supersymmetry breaking embeddable in string theory and simultaneously sharing the main advantages of (sequestered) gravity and gauge mediation. It is driven by a Scherk-Schwarz deformation along a compact extra dimension, transverse to a D-brane stack supporting the supersymmetric extension of the Standard Model. This fixes the magnitude of the gravitino mass, together with that of the gauginos of a bulk gauge group, at a scale as high as 10 10 GeV. Supersymmetry breaking is mediated to the observable sector dominantly by gauge interactions using massive messengers transforming non-trivially under the bulk and Standard Model gauge groups and leading to a neutralino LSP as dark matter candidate. The Higgsino mass µ and soft Higgs-bilinear B µ -term could be generated at the same order of magnitude as the other soft terms by effective supergravity couplings as in the Giudice-Masiero mechanism.
Introduction
The gravity mediated supersymmetry breaking scenario with an O(T eV ) gravitino [1] , that can be realized for instance in the minimal supersymmetric extension of the Standard Model (MSSM) has, apart from solving the hierarchy problem, the phenomenological advantages of providing gauge coupling unification at scales M GU T ∼ 10 16 GeV and a standard dark matter candidate in the presence of unbroken R-parity if the lightest supersymmetric particle (LSP) is a neutralino. Gravity mediation has nevertheless two main drawbacks: i) Gravitational interactions are not automatically flavor blind and thus they do not guarantee a solution to the supersymmetric flavor problem; ii) An O(T eV ) gravitino decays in a lifetime of about 10 6 sec, leading to a huge entropy production after the big bang nucleosynthesis (BBN) and spoiling its predictions unless the reheating temperature after inflation is 10 10 GeV, which puts an uncomfortable bound on inflationary scenarios. The latter is known as the cosmological gravitino problem [2] .
The main motivation for gauge mediated supersymmetry breaking (see for example [3] and references therein) is that it provides flavor independent soft breaking terms thus avoiding strong experimental constraints on flavor changing neutral currents. On the other hand, it also has some problematic drawbacks: i) One loses the standard dark matter candidate as a WIMP (weakly interacting massive particle) since the LSP is now the gravitino; ii) The gravitino can be (warm) dark matter only if its mass is m 3/2 1 keV, which requires an upper bound on the messenger mass, M , over its number, N , as M/N 10 7 GeV, while for larger gravitino masses the reheating temperature after inflation is strongly constrained; iii) There is no compelling way to generate a supersymmetric µ-parameter (Higgsino mass) and a B µ soft-term (Higgs bilinear) of the same order as the other soft terms. Although none of these problems can disqualify gauge mediation as a very appealing mechanism of supersymmetry breaking transmission to the observable sector it would be certainly interesting to find a theory where these problems do not appear.
In this work, we propose a mechanism to solve these problems by appropriately sequestering the supersymmetry breaking in the hidden sector in a string theory context. Due to the sequestering of gravity, even if our gravitino is supermassive gauge mediated interactions will be dominant over gravity mediated ones thus solving the supersymmetric flavor problem. Moreover since the gravitino mass is m 3/2 1 TeV our model does not exhibit any gravitino problem and moreover the best candidate for dark matter is the lightest neutralino.
Our basic setup is the following. We consider the MSSM localized in three (spatial) dimensions, on a collection of D-brane stacks that we call in short D3-brane, transverse to a "large" extra dimension on a semi-circle (orbifold) of radius R, along which there is a bulk "hidden" gauge group G H . We assume that G H has a non-chiral spectrum. There are in general matter fields, described by excitations of open strings stretched between the Standard Model (SM) brane and the hidden group D-brane extended in the bulk, and thus localized in their three-dimensional (spatial) intersection. They transform in the corresponding bi-fundamental representations and, since they are non-chiral, they can acquire a mass M by appropriate brane displacements (or equivalently Wilson lines), that we consider as a parameter of the model. They will play the role of messengers to transmit supersymmetry breaking to the observable sector.
Supersymmetry breaking is induced by a Scherk-Schwarz (SS) deformation along the extra dimension generating a Majorana mass for fermions in the bulk, namely the gravitino and the gauginos of G H , proportional to the compactification scale 1/R, but leaving the SM brane supersymmetric [4] . The breaking is mediated to the observable SM sector by both gravitational [4, 5] and gauge interactions [6] (via the bi-fundamental messenger fields), whose relative strength is controlled by the compactification scale and messenger mass. Fixing for definiteness the MSSM soft terms at the TeV scale and requiring the gravitational contribution to be suppressed with respect to the gauge mediated one by at least one order of magnitude 1 , one finds that the compactification scale 1/R should be less than about 1/R ∼ 10 10 GeV, corresponding to a string scale in the unification region M GU T ∼ 10 16 GeV, inferred by extrapolating the low energy SM gauge couplings with supersymmetry.
The resulting MSSM soft terms (sfermion and gaugino masses) have then the usual pattern of gauge mediation, with in particular scalar masses that are essentially flavor blind, guaranteeing the absence of dangerous flavor changing neutral current interactions. Note thought that in contrast to the standard gauge mediation scenario, the gravitino mass is heavy, of order the compactification scale, evading the gravitino overproduction problem and having as LSP the lightest neutralino, like in models of gravity mediation, in the right ballpark needed for describing the missing dark matter of the Universe required by astrophysical and cosmological observations. On the other hand, a globally supersymmetric Higssino mass µ-term and its associated Higgs-bilinear soft term B µ can be generated in a similar way as in the Giudice-Masiero mechanism [7] , by effective supergravity D-term interactions involving a non-holomorphic function depending on the radius modulus field T whose F -auxiliary component acquires a non-vanishing expectation value, as dictated by the SS deformation. Under a reasonable assumption on the asymptotic dependence, the induced µ and B µ parameters are of the same order with the rest of the MSSM soft supersymmetry breaking terms.
The outline of the paper is the following. In Sec. 2 we compute the contribution of gravity mediation to scalar and gaugino masses and we define the upper bound of the compactification scale in order to suppress the former contribution from the total. In Sec. 3 we compute the corresponding contribution of gauge mediation and determine the region of messenger mass that leads to a viable phenomenological spectrum. In Sec. 4 we discuss the generation of µ and B µ terms, while Sec. 5 contains our conclusions. Finally, in App. A, we present the details of the computation of the induced F -auxiliary expectation value in the messenger sector off-shell, needed for the evaluation of the gauge mediated contributions in the main text.
Gravity mediation for SS supersymmetry breaking
Our starting setup is a higher dimensional space where the MSSM is localized on a D3-brane that is perpendicular to a large compact coordinate (of radius R). Supersymmetry is assumed to be broken by a Scherk-Schwarz [8] mechanism giving to the gaugino λ H and gravitino Kaluza-Klein (KK) modes a common mass:
where m 3/2 is the mass of the gravitino zero mode and ω a real parameter 0 < ω < .
1 Notice that as pure SS gravity mediation is flavor diagonal, one order of magnitude suppression in the scalar masses is enough to make gauge mediation the dominant mechanism without conflicting with any supersymmetric flavor problem.
We are interested here in evaluating the size of the MSSM supersymmetry breaking soft terms mediated by gravitational (grav) effects (m grav 0 , M grav 1/2 ) that we shall compare in the next section to those from gauge interactions. Supersymmetry breaking is transmitted from the bulk to the brane by one-loop gravitational interactions giving a (squared) mass to scalars proportional to [5, 9] (m grav 0
where M P = 2.4 × 10 18 GeV is the reduced Planck mass, and a Majorana mass to gauginos proportional to
The gravitational squared mass of scalars can then be expressed as (m grav 0
where
and the gravitational Majorana gaugino mass as
Note that f 1/2 (ω) vanishes for ω = The gravitational contributions to the scalar squared masses are (in the absence of other moduli mediating supersymmetry breaking) negative and flavor diagonal (assuming a Kahler matter metric flavor diagonal) as they are mediated by diagrams with gravitinos and gravitons exchanged in the loops [5] . One can always fix the radius to a reference value R 0 by imposing the condition that |m grav 0 | 1 TeV. The result 1/R 0 (ω) is plotted in Fig. 2 where we can see that (1/R 0 ) ∼ 10 12 GeV (almost) independently of the value of ω. For the corresponding values of the gravitino mass [m 3/2 ≡ ω/R 0 (ω)] the Majorana gaugino masses are small enough to be neglected. For larger radii the gravitational contributions to scalar masses can become negligible, so if there exists another (gauge) mediation mechanism of supersymmetry breaking to the observable sector which generates leading contributions to scalar masses, as we will describe in Sec. 3, a one order of magnitude suppression of the gravitational contribution with respect to the leading one should be enough 2 .
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11.6 11.7 11.8 11.9 12.0 12.1 There is also a contribution that originates from anomaly mediation (AM) and that provides scalar and gaugino masses as [10, 11] 
where λ indicates the different four-dimensional gauge and Yukawa couplings and F φ is the Fcomponent of the chiral compensator φ = 1 + θ 2 F φ . In the case of a Scherk-Schwarz breaking it turns out that, as in no-scale models, F φ m 3/2 . In fact one can prove that at the tree level F φ = 0 [12] while at one-loop a gravitational Casimir energy V ∼ (1/16π
2 )1/R 4 is generated which yields a non-zero value of F φ as
. Therefore its contribution to scalar masses from (2.8) is negligible, as compared to the gravitational contribution, Eq. (2.2), while its contribution to gaugino masses is of the same order of magnitude as the gravitational ones, Eq. (2.3).
Gauge mediation for SS supersymmetry breaking
We now turn to compute the supersymmetry breaking effects induced by the bulk-brane gauge interactions. We will denote as G H the gauge symmetry group living in the bulk and by α H the associated four-dimensional coupling 3 . We consider a number of messengers (φ I ,φ I ) living in the intersection between the MSSM D3-brane and the brane in the bulk which contains the SS direction. The messengers transform under the representation (R
) of the hidden gauge group G H and under the representation (R
) of the Standard Model group G SM .
The messenger sector
By the SS supersymmetry breaking the gauginos of the hidden gauge group λ H acquire, as the gravitinos, soft Majorana masses:
We assume, as in ordinary gauge mediation, that the messengers have a supersymmetric mass as
where, without loss of generality, the mass matrix is diagonal M IJ = M I δ IJ , and we are assuming that M I M (∀I). This diagonal mass matrix will induce a diagonal supersymmetry breaking parameter, denoted by F I = λ I F , through the one-loop radiative corrections induced by the bulk gaugino λ H and Dirac fermion ( φ I , φ I ), that is proportional to [14] 
is the quadratic Casimir of the representation R
of G H . The integral has different behaviors for RM < 1 and RM > 1. In fact it can be written as
where r = e −2iπω . The functions g 0 (ω) and g ∞ (ω) are plotted in Fig. 3 where we see that they satisfy the relation g ∞ (ω) ∼ 0.1g 0 (ω). A quick glance at Eq. (3.4) shows that the parameter F/M is larger for M 1/R than for M 1/R so that in the following we will only consider the former case of g 0 (ω). 
The observable sector
Supersymmetry breaking is then transmited through the usual gauge mediation mechanism [3] to squark, slepton and gaugino masses of the MSSM. In order to not spoil the MSSM gauge coupling unification we can assume that the messenger sector consists in complete SU (5) The mass generated by gauge mediation for gauginos and scalars can then be written as
where Cf i is the quadratic Casimir off representation with the normalization C
f , and where all couplings are at the scale M . Similarly the scales Λ i are defined as
To simplify the analysis we will assume that the structure of SU (5) multiplets is not spoiled by G H so that
which case the previous equations yield
(3.8)
As we want the LSP, and thus the dark matter component of the universe, to be a well tempered admixture of Bino/Higgsino (B/H) we need sfermions to be heavier than M 1 at the low scale, a condition which prevents a large number of messengers (as we will next see). So from Eq. (3.8) it is obvious that the case where only the number n 5 of 5 +5 is charged under G H , i.e. C G H 5 = 0, while the messengers in the 10 + 10 are neutral under G H and thus C G H 10 = 0 (i.e. Λ 10 = 0), is preferred as n 10 has multiplicity three in (3.8) . In this case we obtain the usual expressions of minimal gauge mediation
and we should keep n 5 as small as possible. Moreover to keep the multiplicity of the representations R
to the lowest possible values we will assume that G H = U (1) H . In this framework, as the masses are generated at the scale M and run to the scale µ 0 ∼ O(TeV) by the renormalization group equations, the lightest gaugino is the U (1) Bino and the lightest scalar is the right-handed slepton˜ R 6 . As the lightest supersymmetric particle (LSP) is stable 7 we need the Bino (B with mass ∼ M 1 (µ 0 )) to be lighter than˜ R as we already mentioned. In this case we would also need the neutral HiggsinoH Dirac mass µ (see next section) to be µ ∼ M 1 to avoid the over-closure of the Universe and predict the thermal dark matter density measured by WMAP. This is the so-called well temperedB/H scenario [15] . The conditions for the Bino to be lighter than˜ R are shown in the left panel of Fig. 4 where we plot contour lines of the ratio m 2 R (µ 0 )/M 2 1 (µ 0 ) in the plane (log 10 M/GeV, n 5 ). We can see that for M 10 8 GeV there is the bound n 5 ≤ 2. In particular for n 5 = 1 the value of M is not constrained by the LSP requirement, and for n 5 = 2 we have M 10 7 GeV. Finally for n 5 = 3 we have M 10 10 GeV, which essentially saturates the bound obtained in App. A, see Eq. (3.15)
8 . All these predictions are independent on the value of n 10 as we are assuming C G H 10 = 0 and thus the 10 + 10 consists in a supersymmetric sector. As it is shown in the right panel of Fig. 4 , where we show contour lines of constant 1/α GU T in the plane (log 10 M/GeV, n 10 ) for n 5 = 2, their presence will modify the value of the unification gauge coupling α GU T and the model predictions.
There is another way of avoiding the constrains provided by the left plot of Fig. 4 . It consists in assuming that the LSP is mainly Higgsino-like with a (heavy) mass µ(µ 0 ) ∼ 1 TeV [15] so that it would be possible to have µ(µ 0 ) m˜ R (µ 0 ) M 1 (µ 0 ). However in this case M 1 1 TeV which would imply, in the minimal gauge mediation scenario we are assuming in this paper, a very heavy gluino M 3 5 TeV, and thus a quite heavy supersymmetric spectrum. To explicitly compute the value of Λ S we will use the fact that α H is the four-dimensional gauge coupling of G H , so its value is given by [16] α H = 2α GU T /(RM s ) (3.10) where α GU T is the SM coupling at the unification scale, and M s the fundamental (string) scale. The value of α H can be written in terms of the reduced 4D Planck scale M P = 2.4 × 10 18 GeV, using the relation [16] 
We can then write
where the pre-factor K H given by
contains all the model dependence on the hidden sector. We will fix the radius as 1/R(ω) ≡ √ δ/R 0 (ω), where R 0 (ω) is the value of the radius fixed by the plot in Fig. 2 and δ is the suppression coefficient which should make the gravitational contribution to the scalar masses negligible, as compared to those obtained from gauge mediation. In fact for δ 0.1 the previous contributions to scalar masses are separated by at least one order of magnitude. Note that at leading order, the soft breaking terms induced by the SS gravitational interactions are flavor blind, thereof a stronger suppression is not required as we already commented in Sec. 2.
For our numerical estimates we will fix δ to its upper bound δ = 0. In the simplest framework of minimal gauge mediation considered here, and as from the previous considerations, we are left to consider the cases of n 5 = 1, 2. Moreover the messenger mass M is constrained to be of order:
from the validity of our approximation for F , as explained in App. A, combined with a conservative value of (1/R 0 ) extracted from Fig. 2 . Notice that the requirement F/M 2 < 1 (a condition to avoid tachyons in the messenger sector in gauge mediation) is always satisfied because of the smallness of α H . Clearly, C
has a strong impact on the value of K H and the spectrum of the model. This is given by the squared of the charge of the messengers under U (1) H , Q GU T so that for α GU T = 1/10 the value of M s should be reduced by a factor ∼ 0.22.
Another way of increasing the value of K H , which we will not pursue along this paper, is to assume that there is an additional number d T of extra dimensions (where the group G H does not propagate) with radii R T slightly larger than the string length s , in which case the right-hand side of Eq. (3.13) is multiplied by (M s R T ) d T /3 with the corresponding enhancement factor for K H . This situation can arise for instance in type I strings where the SM is in a D3-brane and the large SS dimension inside a D7-brane, in which case d T = 2. However the presence of large extra dimensions also affects Eq. (3.11) by lowering the value of M s and we might lose the unification properties at the scale M s .
Finally, we would like to comment about the presence of the secluded U (1) H . At one-loop the messengers could a priori introduce a kinetic mixing between U (1) H and the hypercharge U (1) Y . This mixing vanishes in the simplest case of messengers in full representations of SU (5) and common mass as considered above. It is otherwise suppressed by the smallness of the hidden gauge coupling to be 10 −5 . A soft mass for G H charged scalars living on the other end of the large dimension is induced at one-loop by the hidden gaugino mass as in [19, 20] . Their vacuum expectation value could then generate a mass for the U (1) H gauge boson of order ∼ (loop factor) 1/2 g H /R ∼ O(10 7 GeV), where g H is the hidden gauge group coupling. A quantitative discussion of the phenomenological and cosmological implications requires considering explicit models of the hidden sector, a subject which goes beyond the scope of this paper.
µ/B µ -terms
It is well known that gauge mediation cannot induce µ/B µ terms, as gauge interactions cannot generate them without direct couplings between the Higgs and messenger sectors [3] . However gravitational interactions could do the job as in the Giudice-Masiero mechanism [7] . In this section we will illustrate this point by assuming that some particular effective operators are generated in the higher dimensional theory.
The SS breaking can be understood in terms of supersymmetry breaking induced by the F term of the radion [21] superfield T , with bosonic components
where m 3/2 is the mass of the gravitino zero mode given in Eq. (2.1). The radion superfield then induces bulk gaugino λ H masses through the coupling
The radion superfield in Eq. (4.1) can also induce the µ and B µ parameters required for electroweak breaking through effective operators as
where H 1 and H 2 are the two Higgs doublets of the MSSM, a and b are real parameters and f (T ) is a real function 11 . Using (4.3) one can compute the values of the µ and B µ parameters as
where we have to impose the phenomenological condition from electroweak symmetry breaking |µ| 2 |B µ |, which requires the relation
For instance by using an asymptotic form (for large T ) f (T ) T −n and fixing 1/R = 1/R(ω) we can determine the value of the µ parameter for a b 1 as in the left panel plot of Fig. 6 , where we plot contour lines of constant |µ| in GeV in the plane (ω, n). The case f (T ) log(T ) is also plotted (right panel), for the case a b 1 32π 2 . As we can see this case only works if both a and b parameters are loop suppressed so that condition (4.5) is also satisfied. In all cases the value of M s from the right panel of Fig. 5 , which corresponds to α GU T = O(1), has been used and the electroweak breaking condition |µ| 2 B µ is fulfilled.
Conclusion
In this work, we presented a novel mechanism of supersymmetry breaking where the SM gaugino, squark and slepton masses arise predominantly from flavor blind gauge mediated interactions, while the gravitino mass is superheavy due to an appropriate sequestering of the supersymmetry breaking sector. We have presented an example for how µ and B µ parameters could be generated at the same time by effective supergravity interactions, as in the Giudice-Masiero mechanism.
Some important questions have been left aside. For instance, the radion stabilization was not discussed here. The potential generated for the modulus T should be such that at its minimum it 10 We will use the dimensionless superfield T . reproduces the required hierarchy between the compactification and string scales. We are assuming here that the required stabilization mechanism will not perturb the main features of the mechanism presented here. Also, one needs to understand the origin of the effective operators describing the couplings of the radion to matter fields, as assumed in Sec. 4 . We believe that such issues should be addressed in a more fundamental theory. The proposed mechanism should be in principle realized in string theory but all calculations have been done in the context of the effective field theory by summing over the contribution of the tower of KK modes. This can be tested by an explicit string implementation and model building which is left for future research as a very interesting open problem.
A Calculation of
In Sec. 3 we have computed the seed of supersymmetry breaking for the calculation of gauge mediation as F = Π(0) for zero external momentum. In this appendix we will compute Π(q 2 ) for arbitrary external momentum q. To simplify the notation we will use inn this section units in which 1/R ≡ 1 so all masses m are scaled as mR. We will also consider the case where M 1 as in Sec. .4)]. Moreover the function I(q) is dominated by its value at the q = 0 region as we can see in the left panel of Fig. 7 where we plot contour lines of log 10 [F (q)/F (0)] in the plane (ω, q). We can see that, for any value of ω, the function F (q) is dominated by its value at q = 0.
In gauge mediation we define the supersymmetry breaking parameter Λ ∝ F/M which seeds the gaugino and scalar masses. We can compare Λ with the value Λ ef f induced after integration of F (q) over the one-loop (for gaugino masses) or two-loop (for scalar masses) diagrams with internal momentum q. In view of the result of the left panel of Fig. 7 we expect that Λ ef f /Λ 1 for M R 1 as, in the integration over q, the momentum q is rescaled as q → qM . This result is quantified in the right panel of Fig. 7 where we have computed the value of the parameter Λ ef f /Λ when Λ ef f is contributing to the one-loop gaugino masses. We can see that Λ ef f /Λ O(1) is fulfilled for M R 0.1. Then as we got from the right panel of Fig. 5 that 1/R 10 11 GeV, the previous condition translates into the mild condition M 10 10 GeV, a region where the approximation done in Sec. 3 is fully justified. 
